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This  paper  investigates  the  effect  of  pyrolysis  temperature  between  350  and  600  °C  on  the  distribu¬ 
tion  of  pyrolytic  products  derived  from  Avicel,  a-cellulose,  Douglas  Fir  wood  (softwood)  and  Hybrid 
Poplar  wood  (hardwood)  by  Py-GC/MS  as  a  way  to  identify  the  best  conditions  for  bio-oil  produc¬ 
tion.  The  products  were  grouped  in  five  families  depending  on  their  origin.  The  Cl  family  is  formed 
by  products  of  cellulose  fragmentation  reactions  (glycoaldehyde,  acetol,  1,2-ethanediol,  monoacetate, 
butanedial).  The  products  grouped  in  the  C2  family  (levoglucosan,  levoglucosenone,  l,4:3,6-dianhydro- 
a-D-glucopyranose)  are  derived  from  cellulose  depolymerization  reactions.  The  molecules  derived  from 
hemicellulose  (acetic  acid,  furfural,  2-furanmethanol)  were  grouped  in  the  H  family.  The  products  derived 
from  lignin  were  grouped  in  two  families  LI  (derived  from  p-hydroxyl  phenol  (H)  and  guaiacyl  (G)  struc¬ 
tures)  and  L2  (derived  from  syringyl  (S)  structures).  Principal  components  analysis  was  used  to  identify 
the  main  factors  controlling  the  distribution  of  products.  Our  results  show  that  the  yield  of  most  of  the 
pyrolytic  products  can  be  explained  in  the  five  groups  or  families  described  above.  Most  of  the  Cl  products 
derived  from  Avicel,  a-cellulose  and  Douglas  Fir  fragmentation  reactions  increase  in  yield  as  the  tem¬ 
perature  increases.  In  the  case  of  Hybrid  Poplar  these  products  reach  a  maximum  at  400  °C.  C02,  2-oxo 
methyl  ester  propanoic  acid,  1,2-cyclopentanedione,  3-methyl,  levoglucosenone,  l,4:3,6-dianhydro-a- 
D-glucopyranose,  2,5-dimethyl-4-hydroxy-3(2H)-furanone,  and  most  of  the  phenolic  compounds  show 
a  response  to  temperature  changes  that  is  independent  of  the  feedstock  processed.  As  the  temperature 
increased  the  yield  of  levoglucosenone  (product  of  dehydration  reactions)  decreased  for  all  the  samples 
studied.  Levoglucosan  yield  is  however  highly  dependent  on  the  feedstock  used  and,  as  such,  its  behavior 
with  temperature  changes  is  more  difficult  to  predict.  The  maximum  yield  of  the  products  derived  from 
lignin  (LI  and  L2)  was  found  between  400  and  450 °C. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Global  population  growth  and  economic  expansion  is  projected 
to  lead  to  a  30%  increase  in  world  energy  demand  by  2040  [1]. 
Although  fossil  fuels  are  expected  to  remain  the  major  source  of 
energy,  production  growth  is  not  expected  to  meet  the  increase  in 
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demand  [2  .  The  development  of  renewable  and  alternative  energy 
sources  is  a  primary  concern  for  the  countries  with  large  land- 
mass  such  as  Brazil  and  United  States.  Although  there  are  many 
renewable  sources  to  generate  electricity,  biomass  is  one  of  the 
few  renewable  sources  capable  of  producing  carbon  based  trans¬ 
portation  fuels  [3].  Lignocellulosic  materials  (consisting  mainly  of 
cellulose,  hemicellulose,  and  lignin),  are  an  abundant,  renewable 
and  low-cost  organic  resources  [4  .  The  world  annual  estimated 
biomass  production  is  10-50  billion  tons  [4  .  The  use  of  ligno¬ 
cellulosic  biomass  for  bio-fuel  production  can  also  reduce  total 
greenhouse  gas  emissions  [2,5,6  . 

Pyrolysis  is  an  attractive  technology  able  to  convert  up  to  75%  of 
the  original  biomass  into  a  crude  bio-oil  that  can  be  further  refined 


Table  1 

Cases  studied  in  the  PCA  analysis. 
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Case 

Biomass  sample 

Pyrolysis  temperature  (°C) 

Case 

Sample 

Pyrolysis  temperature  (°C) 

A 

Avicel 

350 

M 

Douglas  Fir  wood 

350 

B 

Avicel 

400 

N 

Douglas  Fir  wood 

400 

C 

Avicel 

450 

O 

Douglas  Fir  wood 

450 

D 

Avicel 

500 

P 

Douglas  Fir  wood 

500 

E 

Avicel 

550 

0. 

Douglas  Fir  wood 

550 

F 

Avicel 

600 

R 

Douglas  Fir  wood 

600 

G 

a-Cellulose 

350 

S 

Hybrid  Poplar  wood 

350 

H 

a-Cellulose 

400 

T 

Hybrid  Poplar  wood 

400 

I 

a-Cellulose 

450 

U 

Hybrid  Poplar  wood 

450 

J 

a-Cellulose 

500 

V 

Hybrid  Poplar  wood 

500 

K 

a-Cellulose 

550 

W 

Hybrid  Poplar  wood 

550 

L 

a-Cellulose 

600 

X 

Hybrid  Poplar  wood 

600 

for  the  production  of  fuels  and  chemicals.  This  process  is  typically 
conducted  in  the  absence  of  oxygen  at  a  temperature  between  400 
and  600  °C  [3,7,8  .  The  organic  fraction  of  bio-oil  from  pyrolysis  has 
a  gross  heating  value  close  to  22  MJ/kg.  The  actual  heating  value 
of  crude  oil  depends  on  its  water  content  which  is  related  to  the 
moisture  of  feedstock  and  process  conditions  [3  .  Crude  bio-oil  can 
be  economically  transported  for  further  refining  3-5  times  further 
than  raw  biomass  [3]. 

The  quality  of  bio-oils  is  affected  by  the  feedstock  composi¬ 
tion,  particle  size,  pyrolysis  conditions,  feedstock  moisture,  ash 
content,  among  others  [9-12].  In  order  to  improve  the  quality  of 
bio-oils,  more  selective  pyrolysis  reactors  have  to  be  developed. 
The  development  of  selective  pyrolysis  reactors  requires  depend¬ 
able  analytical  methods  to  study  the  distribution  of  products  under 
different  production  conditions. 

Many  studies  on  the  effect  of  pyrolysis  temperature  on  the 
yield  of  products  have  been  reported  in  the  literatures  [13-19]. 
However,  apparent  contradictory  results  have  been  reported.  For 
example,  He  et  al.  [20],  Garcia-Perez  et  al.  11],  and  Amutio  et  al. 
[21]  have  reported  how  pyrolysis  temperature  affects  the  yield  of 
levoglucosan  from  three  different  feedstocks  (Switchgrass,  Mallee 
and  Pinus  insignis),  respectively.  He  et  al.  found  that  the  maximum 
yield  of  this  compound  is  around  0.7  wt.%  at  450  °C.  Garcia-Perez 
et  al.  found  that  the  maximum  yield  of  this  compound  is  around 
4.2  wt.%  at  425  °C.  Amutio  et  al.  [21  ]  found  that  the  maximum  yield 
of  this  compound  is  around  2.09  wt.%  at  500  °C.  The  analysis  of  the 
literature  suggests  that  the  effect  of  temperature  on  the  yield  of 
certain  pyrolysis  products  is  likely  to  be  feedstock  dependent. 

Py-GC/MS  is  a  useful  analytical  technique  to  characterize  solid 
residues  and  to  study  the  distribution  of  products  resulting  from  the 
pyrolysis  of  lignocellulosic  materials.  This  technique  requires  a  very 
small  amount  of  sample  for  examination  and  can  be  used  to  easily 
follow  the  evolution  of  pyrolysis  products  under  different  pyroly¬ 
sis  conditions  [22  .  The  objective  of  this  paper  is  to  use  Py-GC/MS 
together  with  principal  component  analysis  (PCA)  to  evaluate  the 
effect  of  pyrolysis  temperature  between  350  and  600  °C  on  the  com¬ 
position  of  vapors  and  to  identify  the  products  that  are  temperature 
dependent  and  feedstock  independent. 

2.  Experimental 

2.2.  Biomass  collection  and  characterization 

The  a-cellulose  and  the  Avicel  cellulose  were  purchased  from 
Sigma-Aldrich.  Douglas  Fir  wood  was  kindly  supplied  by  Herman 
Brothers  Logging  in  Port  Angeles,  WA.  The  Hybrid  Poplar  wood  was 
collected  at  the  Boise  Cascade  Corporation  in  Pasco,  WA.  The  chem¬ 
ical  composition  (ash,  extractives,  cellulose,  hemicelluloses,  and 
lignin)  of  these  samples  was  determined  following  ASTM  standards 
and  equivalent  procedures  recommended  by  NREL  such  as  ASTM 
D1 102-84  [23],  D1 105-96  [24],  D1106-96  [25],  E1758-01  [26]. 


Extractives  were  measured  by  soxhlet  extraction  using  ethanol  and 
toluene  as  solvents.  The  cellulose  and  hemicellulose  contents  were 
calculated  by  the  mono-sugar  content  after  a  two-step  sulfuric  acid 
hydrolysis  and  analysis  by  ionic  exchange  chromatograph  of  the 
sugars  obtained.  Lignin  content  includes  acid  soluble  and  acid  insol¬ 
uble  part.  The  acid  soluble  lignin  was  obtained  by  UV  spectroscopy, 
and  the  acid  insoluble  lignin  was  calculated  as  the  solid  residues 
left  after  acid  hydrolysis  [13-15,25,27]. 

2.2.  Reduction  of  alkali  and  alkaline  earth  metal  (AAEM)  and 
ICP-MS  analysis 

Alkali  and  alkaline  earth  metallic  (AAEM)  species  (potassium, 
sodium,  calcium  and  magnesium  salts)  are  major  constituents  of 
woody  biomass  ash.  These  species  are  responsible  for  a  dras¬ 
tic  reduction  in  bio-oil  yield.  Thus,  it  is  desirable  to  remove  as 
much  AAEM  species  as  possible  before  pyrolysis  16].  The  con¬ 
tents  of  alkaline  metals  in  the  samples  were  quantified  by  ICP-MS 
(Agilent  Technologies-7500  Series)  with  an  autosampler  (Agilent 
Technologies-ASX-500  Series).  1 5  mg  of  ash  samples  were  digested 
by  6mL  of  concentrated  reagent  grade  nitric  acid  (69-70%)  at 
90-95  °C  for  2  h.  Then,  digested  samples  were  diluted  into  100  mL 
volumetric  flasks  with  added  100  pi  of  internal  standard  solutions 
(AccuStandard,  Environmental  Internal  Standard  Mix)  for  accuracy 
of  further  ICP  analysis  28  .Calibration  for  each  element  is  based  of  a 
standard  solution  (AccuStandard,  Environmental  Standard  1 )  with 
a  0.1%  internal  standard.  The  calibration  curves  were  lines  with  R 2 
values  higher  than  0.99  for  all  the  elements  tested. 

2.3.  Elemental  analysis 

Elemental  analysis  was  performed  using  a  LECO®  TruSpec  CHN 
instrument  to  identify  the  content  of  carbon,  hydrogen,  nitrogen, 
and  oxygen.  Ethylenediaminetetraacetic  acid  (EDTA)  was  used  as 
standard.  The  method  was  corrected  with  a  blank.  Approximately 
0.6  g  of  oven  dry  sample  was  wrapped  in  tin  aluminum  foil  cups  and 
burned  for  each  test.  The  combustion  process  occurred  at  950  °C  in 
the  combustion  chamber  with  pure  oxygen  (99.993%  high  purity). 
Helium  was  used  as  carrier  gas.  All  the  tests  were  conducted  in 
triplicates. 

2.4.  Py-GC/MS  studies 

The  pyrolysis  gas  chromatography/mass  spectrometer  (Py- 
GC/MS)  used  in  this  study  has  a  CDS  pyroprobe  5000  connected 
directly  to  an  Agilent  GC/MS.  An  empty  quartz  tube  with  quartz 
wool  was  first  cleaned  at  1000°C  to  make  sure  that  all  the  gases 
and  vapors  adsorbed  on  the  surface  are  removed.  The  samples 
were  weighed  with  a  thermogravimetric  analyzer  (0.5-0.7mg), 
loaded  into  clear  tubes,  and  kept  in  the  oven  at  280  °C  for  1  min 
using  13.7  mL/min  helium  carrier  gas  to  purge  the  oxygen  in  the 
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Table  2 

Biomass  composition  (wt  %). 


Sample 

Ash 

Extractives 

Acid  insoluble  lignin 

Acid  soluble  lignin 

Arabinose 

Galactose 

Glucose 

Mann/xylose 

Avicel 

0.1 

— 

— 

— 

— 

— 

99.9 

— 

a-Cellulose 

0.2 

- 

- 

- 

0.8 

- 

88.6 

10.4 

Douglas  Fir 

0.3 

1.6 

23.4 

0.5 

1.0 

3.0 

46.3 

21.4 

Hybrid  Poplar 

1.0 

3.8 

16.3 

3.2 

0.3 

0.4 

43.1 

20.8 

Table  3 

Metal  analysis  of  studied  woody  materials  (ppm). 

Sample 

Na 

Mg 

K 

Ca 

Fe 

Douglas  Fir  wood 

1.94 

82.56 

83.02 

484.8 

3.74 

Hybrid  Poplar  wood 

22.47 

320.46 

322.40 

1583.3 

48.66 

oven  prior  pyrolysis.  Samples  were  pyrolyzed  by  heating  the  coil 
at  approximately  800°C/s  to  targeted  temperatures  of  350,  400, 
450,  500,  550,  and  600  °C.  An  Agilent  6890N  equipped  with  a 
30  mx  0.25  mm  inner  diameter  (5%-phenyl)-methylpolysiloxane 
non-polar  column  (HP5MS)  was  used  to  separate  the  compounds 
from  pyrolysis  gases  and  vapors.  The  GC/MS  conditions  were  the 
following:  inlet  temperature  at  250  °C,  pressure  7.1  psi,  split  ratio 
50:1.  The  oven  temperature  of  the  GC  was  held  at  40  °C  for  1  min 
followed  by  continuous  heating  (6  °C/ min)  to  280  °C  with  1  mL/min 
helium  carrier  gas.  Then,  the  final  temperature  was  held  for  1 5  min 
to  ensure  that  no  heavy  molecules  remained  in  the  column.  The 
mass  spectrometer  conditions  used  were:  transfer  line  tempera¬ 
ture  150°C,  ion  source  temperature  230  °C,  and  electron  impact 
ionization  (El)  at  70  eV.  The  NBS  mass  spectra  library  was  used 
to  identify  the  compounds  in  the  chromatogram.  Then,  a  semi- 
quantitative  estimation  of  the  yield  of  the  compounds  identified 
was  calculated  by  dividing  the  desired  peak  areas  by  the  mass  of 
biomass  pyrolyzed.  All  the  tests  were  conducted  in  triplicates.  In 
this  paper  the  mean  and  the  error  bars  (confidence  intervals)  were 
plotted.  The  confidence  intervals  were  calculated  multiplying  the 
standard  deviation  by  1.687.  This  factor  corresponds  to  a  90%  of 
confidence  for  samples  in  triplicates  (df:  2).  The  MS  Excel  polyno¬ 
mial  curve  fitting  was  used  to  plot  the  trend  lines  in  most  figures. 
Manual  curve  fitting  was  employed  in  cases  in  which  the  MS  Excel 
polynomial  curve  fitting  resulted  in  more  than  one  peak  without 
physical  meaning. 

2.5.  Principal  component  analysis  (PCA ) 

Principal  component  analysis  (PCA)  was  used  to  identify  the 
main  factors  affecting  the  yield  of  products  obtained  by  Py-GC/MS. 
The  PCA  was  conducted  for  24  cases  identified  in  Table  1  from  A  to 
X.  In  this  analysis  the  number  of  principal  components  should  be 
equal  or  less  than  the  number  of  variables,  in  such  a  way  that  the 
first  principal  component  has  the  largest  possible  variance  and  each 
succeeding  component  in  turn  has  the  highest  variance  possible 
under  the  restriction  that  it  be  orthogonal  to  the  preceding  com¬ 
ponents.  Thus,  a  matrix  considering  cases-by-variables  data  (see 
Table  1),  where  each  case  represents  a  combined  data  of  biomass 
kind  x  pyrolysis  temperature  and  the  semi-quantitative  estimation 
of  the  yield  of  each  compound,  was  prepared.  The  PCA  was  then  car¬ 
ried  out  using  statistical  software  “Statistica”  8.0  at  95%  confidence 
level  [29  . 


3.  Results  and  discussions 

3.1.  Biomass  collection  and  characterization 

The  chemical  composition  of  all  the  lignocellulosic  materials 
studied  is  shown  in  Table  2.  The  results  reported  are  in  good  agree¬ 
ment  with  typical  values  reported  in  the  literature  [30].  The  choice 
of  different  biomass  was  made  based  on  their  contrasting  chemical 
composition.  Avicel,  is  a  cellulose  (crystallinity:  67%)  in  the  form 
of  fine  powder  derived  from  wood  pulp  by  partial  acid  hydrolysis 
and  spray  drying  of  the  washed  pulp  slurry  (FMC  BioPolymer,  USA) 
with  very  little  content  of  ash.  The  a-cellulose  contains  some  hemi- 
celluloses  (xylan)  and  low  content  of  ash.  Douglas  Fir  and  Hybrid 
Poplar  Woods  are  forest  biomasses  that  contain  cellulose,  hemicel- 
luloses  and  lignin  as  well  as  ash  (see  composition  in  Table  2).  Metal 
concentrations  obtained  by  ICP-MS  are  listed  in  Table  3. 

3.2.  Elemental  analysis 

The  elemental  compositions  of  woody  materials  are  shown  in 
Table  4.  The  difference  in  elemental  composition  between  softwood 
(Douglas  Fir  wood)  and  hardwood  (Hybrid  Poplar  wood)  is  very 
small.  The  errors  bars  were  calculated  multiplying  the  standard 
deviation  of  triplicate  measurements  by  1.687  (confidence  90%). 

3.3.  Py-GC/MS  studies  to  evaluate  the  effect  of  pyrolysis 
temperature 

Figs.  1  and  2  show  examples  of  Py-GC/MS  chromatographs  for 
the  materials  studied  (Avicel,  a-cellulose,  Douglas  Fir  and  Hybrid 
Poplar)  at  pyrolysis  temperatures  between  350  and  600  °C.  The 
names  of  the  molecules  identified  by  NBS  mass  spectra  library,  the 
retention  times,  formulas,  and  the  molecular  weights  are  shown 
in  Table  5.  The  analysis  of  pyrolysis  products  was  carried  out  by 
groups. 

Products  derived  from  cellulose  were  divided  in  two  fam¬ 
ilies:  Cl  and  C2.  The  peaks  associated  to  Cl  (carbon  dioxide, 
hydroxyl-acetaldehyde  and  l-hydroxy-2-propanone,  cyclopen- 
tene  derivatives,  etc.)  have  between  one  and  four  carbon  atoms. 
C2  compounds  are  produced  from  cellulose  depolymerization 
reactions  (levoglucosan,  levoglucosenone),  which  have  six  carbon 
atoms. 


Table  4 

Elemental  analysis  (wt.%). 


Biomass  kind 

C 

H 

N 

Ash 

Oa 

Douglas  Fir  wood 

49.85  db  0.27 

7.24  db  0.02 

0.12  db  0.01 

0.3 

42.49  ±  0.30 

Hybrid  Poplar  wood 

49.84  db  0.32 

7.37  ±  0.07 

0.06  db  0.01 

1.0 

41.73  db  0.37 

a  Value  determined  by  difference.  (Error  estimated  considering  a  90%  confidence  interval  out  of  triplicated  samples). 
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Fig.  1.  Py-GC/MS  chromatograms  (Avicel  and  a-cellulose)  at  different  pyrolysis  temperatures. 


The  products  of  hemicellulose  were  all  analyzed  as  a  single 
group  formed  by  acetic  acid  and  furan  derived  compounds.  Lignin 
derived  compounds  were  also  analyzed  as  two  groups  (LI  and  L2) 
formed  by  molecules  with  between  7  and  1 1  carbon  atoms.  The 
compounds  grouped  in  family  LI  are  derived  from  guaiacyl  (G) 
and  p-hydroxyl  phenol  (H)  units.  The  compounds  in  family  L2  are 
derived  from  syringyl  units  (S).  The  compounds  associated  to  each 
of  these  groups  are  indicated  by  squares  in  Figs.  1  and  2. 

A  visual  inspection  of  the  chromatograms  from  500  °C  (Fig.  1) 
clearly  shows  that  the  main  product  from  the  pyrolysis  of  Avi¬ 
cel  is  levoglucosan.  Significant  amounts  of  levoglucosan  were  also 
obtained  with  a-cellulose  (material  containing  cellulose  and  hemi- 
celluloses).  However,  the  production  of  levoglucosan  (Fig.  2)  was 
drastically  reduced  for  materials  containing  lignin  (Douglas  Fir  and 
Hybrid  Poplar). 


3.4.  Principal  component  analysis  (PCA ) 

Principal  component  analysis  (PCA)  is  a  technique  that  has  been 
used  to  analyze  the  large  data  set  obtained  by  Py-GC/MS  [31-33]. 
The  main  goal  of  the  principal  component  analysis  was  to  identify 
the  main  factors  governing  the  distribution  of  pyrolysis  products 
in  the  four  samples  studied.  The  plot  shown  in  Fig.  3  contains  the 
factor  scores  for  pyrolysis  biomass  samples  at  several  temperatures 
(350-600 °C),  with  respect  to  the  first  two  principal  components 
(Factor  I  vs  Factor  II).  It  can  be  seen  that  the  first  two  principal 
components  accounted  together  for  72.52%  of  the  total  variance. 
The  factors  are  influenced  by  the  biomass  studied.  The  samples  with 
high  cellulose  content  correlate  positively  with  PCI. 

Our  result  suggests  that  the  behavior  of  the  samples  can  be 
well  understood  if  the  composition  of  the  samples  is  known.  The 
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samples  were  clustered  into  four  different  groups  that  correspond 
to  the  four  biomasses  studied.  Avicel  and  a-cellulose  are  very  sim¬ 
ilar  in  composition  and,  therefore  in  the  PCA  graph  these  groups 
were  close.  The  Douglas  Fir  and  Hybrid  Poplar  samples  could  be  eas¬ 
ily  grouped  in  two  groups.  The  samples  correlating  more  strongly 
with  PCI  tend  to  have  higher  contents  of  cellulose  and  lower  con¬ 
tents  of  ash.  The  samples  correlating  the  most  with  PC2  are  Douglas 
Fir  samples.  According  to  Table  1  these  samples  have  the  highest 
content  of  acid  insoluble  lignin  and  galactose.  Furthermore,  all  the 
samples  pyrolyzed  at  the  lowest  pyrolysis  temperatures  (350  °C) 
seem  to  correlate  positively  with  PCI  (see  cases  A,  G,  M  and  S). 

The  plot  of  loading  factors  is  shown  in  Fig.  4.  This  plot  can  be  used 
to  visualize  the  relationship  between  the  principal  components  PCI 
and  PC2  and  the  pyrolytic  chemicals  formed.  The  numbers  inside 
the  graph  correspond  to  peak  number  listed  in  Table  4.  Noticeable 
amount  of  clustering  among  the  formed  products  is  observed  with 
a  strong  relationship  to  the  groups  created  from  the  analysis  of  the 


Py-GC/MS  chromatographs.  The  chemicals  products  were  found  to 
group  in  four  major  clusters:  (1)  C2;  (2)  LI  (H  and  G  units),  (3)  L2 
(S  units)  and  (4)  Cl-H. 

Thus,  a  direct  correlation  between  the  yield  of  products  and  the 
starting  sample  was  observed.  For  example  the  yields  of  levoglu- 
cosan,  levoglucosenones  and  other  products  derived  from  cellulose 
depolymerization  reactions  were  found  to  positively  correlate  with 
PCI  which  was  associated  with  samples  containing  a  high  content 
of  cellulose  and  a  low  content  of  ash.  The  phenolic  compounds 
with  one  methoxyl  group  (G  units)  correlated  positively  with  PC2 
which  is  associated  with  Douglas  Fir  (a  softwood  containing  these 
compounds).  The  products  of  cellulose  and  hemicellulose  fragmen¬ 
tation  reactions  (Cl,  H)  and  the  phenolic  compounds  with  two 
methoxyl  groups  (S  units)  (L)  correlate  negatively  with  PCI  and 
PC2.  These  components  were  also  associated  to  the  Hybrid  Poplar 
which  is  the  feedstock  with  the  highest  ash  content  and  a  lignin 
containing  the  highest  fraction  of  syringyl  alcohol  units. 
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Table  5 

Main  products  used  in  the  quantification  of  Py-GC/MS  spectra. 


Peak  no 

Name  of  compound 

Retention  time  (min) 

Formula 

m\z 

MW 

Feedstock  found 

Source 

1 

Carbon  dioxide 

1.587 

C02 

44 

44 

All 

C,  H,  L 

2 

2-Oxo-propanoic  acid  (isopropenyl  acetate) 

1.8 

C3H4O3 

43 

88 

Hemicellulose 

H 

3 

Glycolaldehyde 

2.107 

C2H4O2 

32 

60 

All 

Cl 

4 

Acetic  acid 

2.458 

C2H4O2 

45 

60 

Hemicellulose 

H 

5 

l-Hydroxy-2-propanone,  (Acetol) 

2.745 

C3H6O2 

43 

74 

All 

Cl 

6 

3-Methyl-furan 

3.818 

c5h60 

82 

82 

All 

Cl 

7 

Monoacetate-1 ,2-ethanediol 

4.1 

c4h803 

43 

104 

All 

Cl 

8 

Butanedial 

4.34 

c4h602 

58 

86 

All 

Cl 

9 

2-Oxo-,  methyl  ester-propanoic  acid 

4.506 

c4h603 

43 

102 

All 

Cl 

10 

Furfural 

5.339 

C5H402 

96 

96 

All 

H 

11 

2-Furanmethanol 

5.777 

c5h602 

41 

98 

Hemicellulose 

H 

12 

2-Hydroxy-2-cyclopenten-l  -one 

7.447 

c5h602 

98 

98 

All 

Cl 

13 

3-Methyl-l  ,2-cyclopentanedione 

9.914 

c6h8o2 

112 

112 

All 

Cl 

14 

2,5-Dimethyl-4-hydroxy-3(2H)-furanone 

11.321 

CgH803 

43 

128 

All 

Cl 

15 

2-Methoxy-phenol 

11.578 

c7h802 

109 

124 

DFa  +  HPb 

L1,L2 

16 

Levoglucosenone 

12.162 

C6H603 

98 

126 

All 

C2 

17 

2-Methoxy-4-methyl-phenol 

14.121 

C8Hio02 

123 

138 

DF+  HP 

L1,L2 

18 

l,4:3,6-Dianhydro-a-D-glucopyranose 

14.56 

CgH804 

69 

144 

All 

C2 

19 

5-Hydroxymethyl-2-furancarboxaldehyde 

15.3 

C6H6O3 

97 

126 

All 

C2 

20 

4-Ethyl-2-methoxy-phenol 

15.967 

C9H12O2 

137 

152 

DF  +  HP 

L1,L2 

21 

2-Methoxy-4-vinylphenol 

16.942 

C9H10O2 

135 

150 

DF  +  HP 

L1,L2 

22 

2,6-Dimethoxy-phenol 

17.771 

C8Hio03 

154 

154 

DF  +  HP 

L1,L2 

23 

Eugenol 

17.891 

C10H12O2 

164 

164 

DF  +  HP 

L1,L2 

24 

Vanillin 

18.879 

C8H803 

151 

152 

DF  +  HP 

L1,L2 

25 

4-Methoxy-3-(methoxymethyl)-phenol 

19.69 

C9H1203 

168 

168 

HP 

L2 

26 

2-Methoxy-4-(  1  -propenyl)-,  (E)-phenol 

19.785 

C10H12O2 

164 

164 

DF  +  HP 

L1,L2 

27 

2-Methoxy-4-propyl-phenol 

19.992 

C10H14O2 

137 

166 

DF  +  HP 

L1,L2 

28 

Levoglucosan 

20.502 

C6H10O5 

60 

162 

All 

C2 

29 

l-(4-Hydroxy-3-methoxyphenyl)-2-propanone 

21.463 

C10H12O3 

137 

180 

DF  +  HP 

L1,L2 

30 

3/,5'-Dimethoxyacetophenone 

22.227 

C10H12O3 

165 

180 

HP 

L2 

31 

4-((  1  E)-3-Hydroxy-l  -propenyl)-2-methoxyphenol 

22.304 

C10H12O3 

137 

180 

DF  +  HP 

L1,L2 

32 

4-Hydroxy-3-methoxy-benzeneacetic  acid 

23.818 

C9H10O4 

137 

182 

DF  +  HP 

L1,L2 

33 

4-Hydroxy-3,5-dimethoxy-benzaldehyde 

23.964 

C9H10O4 

182 

182 

HP 

L2 

34 

2,6-Dimethoxy-4-(2-propenyl)-phenol 

24.789 

C11H1403 

194 

194 

HP 

L2 

35 

l-(4-Hydroxy-3,5-dimethoxyphenyl)-ethanone 

25.311 

C10H12O4 

181 

196 

HP 

L2 

36 

Desaspidinol 

25.962 

C11H1404 

167 

210 

HP 

L2 

37 

3,5-Dimethoxy-4-hydroxycinnamaldehyde 

29.534 

C11H1204 

208 

208 

HP 

L2 

a  DF:  Douglas  Fir. 
b  HP:  Hybrid  Poplar. 
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Fig.  3.  Score  plot  of  principal  components  for  four  biomasses  pyrolyzed  at  different 
temperatures. 


Fig.  4.  Loading  plots  of  factor  1  (PCI)  and  factor  2  (PC2)  for  model  with  all  the 
compounds. 
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Fig.  5.  Effect  of  pyrolysis  temperature  on  the  peak  area/mg  of  glycolaldehyde. 
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3.5.  Effect  of  pyrolysis  temperature  on  the  distribution  of 
products  of  cellulose  (families  Cl  and  C2) 

Fig.  5  shows  the  effect  of  pyrolysis  temperature  on  the 
glycolaldehyde  (hydroxyacetaldehyde)  formation.  The  semi- 
quantitative  yield  estimation  was  expressed  as  peak  area  divided 
by  sample  weight  in  mg.  This  compound  is  formed  from  cellulose 
fragmentation  reactions.  In  the  case  of  Avicel,  the  yield  increases  as 
the  pyrolysis  temperature  increases,  similar  to  the  results  reported 
by  Shen  34]  and  Liao  [35  .  In  this  context,  Liao  [35]  concluded  that 
the  yield  of  hydroxyacetaldehyde  increases  with  the  temperature 
for  cellulouse  pyrolysis.  Avicel  resulted  in  a  lower  yield  of  hydrox¬ 
yacetaldehyde  than  other  feedstocks,  likely  due  to  the  low  content 
of  ash  in  this  sample  as  the  alkalines  contained  in  the  ash  are 
known  to  catalyst  cellulose  fragmentation  reaction  [36,37  .  For  a- 
cellulose  and  woody  biomass,  the  fragmentation  reactions  increase 
with  pyrolysis  temperatures  up  to  400  °C,  but  show  no  signifi¬ 
cant  changes  with  temperatures  over  400  °C.  The  highest  yield  of 


TemperatureCC) 


Fig.  6.  Effect  of  pyrolysis  temperature  on  the  peak  area/mg  of  molecules  with  less  than  four  carbon  atoms. 
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Fig.  7.  Effect  of  pyrolysis  temperature  on  the  semiquantitative  estimation  of  the  yield  of  2-hydroxy-2-cyclopenten-one  and  3-methyl-l,2-cyclopentanedione. 


glycoaldehyde  was  obtained  for  a-cellulose.  This  result  can  likely 
be  explained  by  the  high  content  of  cellulose  and  the  presence  of 
sufficient  alkaline  matter  to  catalyze  the  fragmentation  reactions. 
The  interactions  between  cellulose  and  xylose  cannot  be  ruled  out 
as  a  factor  affecting  the  formation  of  this  compound. 

Fig.  6  shows  the  effect  of  pyrolysis  temperature  on  the  formation 
of  other  Cl  molecules  including;  carbon  dioxide,  2  oxo-propanoic 
acid,  acetol,  1,2-ethanedial,  monoacetate,  butanedial,  2-oxo  methyl 
ester,  propanoic  acid.  C02  is  a  fragmentation  product  from  the 
degradation  of  each  bio-polymer  forming  the  biomass.  In  all  sam¬ 
ples,  the  production  of  C02  increases  as  the  pyrolysis  temperatures 
increases  and  reaches  a  plateau  at  400  °C.  As  the  temperature 
increases  further  C02  formation  decreases  slightly.  This  behavior 
is  in  agreement  with  the  results  reported  by  Wang  et  al.  [38]  for 
the  pyrolysis  of  beech  wood.  For  most  molecules  with  less  than 
four  carbon  atoms  it  is  observed  that  their  yields  are  maximized 
near  400  °C.  This  maximum  is  more  pronounced  in  the  case  of 
Hybrid  Poplar.  In  the  case  of  2-oxo  propanoic  acid,  the  maximum  is 
achieved  close  to  450  °C.  However  for  Avicel,  the  production  does 
not  plateau  as  the  pyrolysis  temperature  increases  and  no  signif¬ 
icant  maximum  was  observed  for  2-oxo-propanoic  acid,  acetol  or 
butanedial. 

The  molecules  with  five  and  six  carbon  atoms  (2-hydroxy-2- 
cyclopenten-l-one  and  3-methyl-l,2-cyclopentanedione)  formed 
as  a  function  of  pyrolysis  temperature  are  shown  in  Fig.  7.  In  this 
case,  a  moderate  continuous  increase  in  the  yield  of  2-hydroxy-2- 
cyclopenten-l-one  with  the  pyrolysis  temperatures  was  observed 
in  most  samples.  A  maximum  of  3-methyl-l,2-cyclopentanedione 
production  was  only  observed  for  Hybrid  Poplar  Wood  at  a  pyrol¬ 
ysis  temperature  around  400  °C. 


Fig.  8.  Effect  of  pyrolysis  temperature  on  the  peak  area/mg  of  levogulcosan. 


The  production  of  3-methyl-l,2-cyclopentanedione  increased 
and  reached  a  maximum  when  the  samples  were  pyrolyzed  at 
450  °C,  with  yields  decreasing  slightly  as  the  pyrolysis  tempera¬ 
tures  increased.  It  is  interesting  to  note  that  the  production  of  these 
molecules  significantly  decreases  at  higher  pyrolysis  temperatures. 

Fig.  8  shows  the  effect  of  pyrolysis  temperature  on  levoglucosan 
(C2  family).  Levoglucosan  is  the  primary  decomposition  product 
from  depolymerization  reaction  of  cellulose.  As  mentioned  earlier, 
Hybrid  Poplar  wood  produces  less  levoglucosan  compared  with 
other  samples  due  to  the  high  ash  content  of  the  feedstock  [39]. 
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Fig.  9.  Effect  of  pyrolysis  temperature  on  minor  C6  sugars  (levoglucosenone  and  l,4:3,6-dianhydro-a-D-glucopyranose)  formation  expressed  as  peak  area/biomass  weight 
(mg). 
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Temperature(°C) 

Fig.  10.  Effect  of  pyrolysis  temperature  on  formed  acetic  acid  expressed  as  the  peak 
area/biomass  weight  (mg). 

Using  Avicel,  pyrolysis  temperature  was  found  to  slightly  reduce  ^ 
the  yield  of  anhydrosugar  levoglucosan  in  agreement  with  the  ^ 

results  of  Patwardhan  [39  .  All  other  samples  were  found  to  show  * 

a  significant  decrease  in  the  yield  of  levoglucosan  as  the  pyrolysis  | 

temperature  over  400  °C.  ^ 

Levoglucosenone  and  l,4:3,6-dianhydro-a-D-glucopyranose 
can  be  formed  by  dehydration  of  levoglucosan  [40].  Levoglu¬ 
cosenone  is  a  minor  sugar  obtained  from  pyrolysis  of  cellulose. 

Higher  productions  of  levoglucosenone  can  be  observed  at  low 
pyrolysis  temperatures.  As  the  temperatures  are  increased,  the 
production  of  levoglucosenone  slowly  decreased  (Fig.  9).  A  pos¬ 
sible  cause  of  this  reduction  is  more  rapid  volatilization  of 
levoglucosan  from  the  liquid  intermediate.  l,4:3,6-dianhydro-a- 
D-glucopyranose  is  another  minor  sugar  derived  from  pyrolysis  of 
cellulose  [41  and  its  reduction  can  be  observed  when  the  pyrolysis 
temperatures  is  increased  over  400  °C  (Fig.  9). 

3.6.  Effect  of  pyrolysis  temperature  on  the  distribution  of 
products  from  hemicellulose  (family  H) 

Fig.  10  shows  the  effect  of  pyrolysis  temperature  on  acetic  acid. 

Acetic  acid  is  thought  to  be  formed  from  the  initial  elimination  of 
acetyl  groups  which  are  linked  to  the  xylan  chain  on  the  C-2  posi¬ 
tion  (glucomannan)  related  to  hemicellulose  [42].  The  production 
of  acetic  acid  increases  by  with  pyrolysis  temperature  and  reaches  a 
plateau  over  450  °C.  Hybrid  Poplar  wood  has  higher  yields  of  acetic 
acid  than  other  samples.  The  production  of  furans  with  five  car¬ 
bon  atoms  increased  with  increasing  pyrolysis  temperatures  up  to 
temperatures  of  400  °C.  Behavior  at  higher  temperatures  became 
highly  feedstock  and  product  dependent  with  plateaus,  increased 
and  decreased  yields  all  observed  for  furan  products  above  400  °C 
(Fig.  11).  A  similar  result  was  reported  by  Amutioetal.  [21  forPinus 
insignis  pyrolysis.  The  production  of  2-furan  methanol  decreases 
(~82%)  with  increasing  temperatures  from  400  to  600  °C. 

3.7.  Effect  of  pyrolysis  temperature  on  the  distribution  of 
products  from  lignin  (family  LI  and  L2) 

Figs.  13  and  14  show  the  effect  of  pyrolysis  temperature  on 
the  production  of  phenolic  compounds  derived  from  lignin.  Phe¬ 
nolic  compounds  are  assigned  to  different  groups  on  the  basis  of 
GC  retention  time.  Fig.  12  shows  that  pyrolysis  temperature  dra¬ 
matically  affects  the  production  of  phenolic  compounds  (family 
LI)  (2-methoxy-phenol,  2-methoxy-4-methyl-phenol,  4-ethyl- 
2-methoxy-phenol  and  2-methoxy-4-vinylphenol).  A  pyrolysis 
temperature  of  450  °C  seems  to  enhance  the  production  of 
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Temperature(°C) 

Fig.  11.  Effect  of  pyrolysis  temperature  on  formed  furans  with  five  carbon  atoms 
(3-methyl-furan,  furfural  and  2-furanmethanol)  expressed  as  the  peak  area/biomass 
weight  (mg). 

phenolic  compounds.  The  results  on  2-methoxy-phenol,  and  2- 
methoxy-4-methyl-phenol,  are  in  agreement  with  those  obtained 
by  Garcia-Perez  et  al.  [  1 1  for  the  maximum  production  at  pyrolysis 
temperature  around  425  °C. 

Fig.  1 3  shows  that  pyrolysis  temperature  also  affects  the  produc¬ 
tions  of  eugenol,  vanillin,  2-methoxy-4-(l-propenyl)(E)-phenol, 
and  2-methoxy-4-propyl-phenol.  The  production  of  these  pheno¬ 
lic  compounds  increases  with  increasing  pyrolysis  temperatures 
and  then  slightly  decreases  over  around  500  °C.  A  similar  plateau 
(400-500)  was  observed  by  Garcia-Perez  et  al.  [  1 1  in  Mallee  wood 
pyrolysis. 

Fig.  14  shows  the  effect  of  pyrolysis  temperature  on  the  produc¬ 
tion  of  phenolic  compounds  with  a  GC  residence  time  17-24  min 
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Fig.  12.  Effect  of  pyrolysis  temperature  on  the  formed  phenolic  compounds  (retention  time  between  11  and  17  min)  expressed  as  peak  area/biomass  weight  (mg). 
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Fig.  13.  Effect  of  pyrolysis  temperature  on  phenolic  compounds  (retention  time  from  17  to  20  min)  expressed  as  the  peak  area/biomass  weight  (mg). 
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Fig.  14.  Effect  of  pyrolysis  temperature  on  the  phenolic  compounds  derived  from  hardwood  (retention  time  from  17  to  24  min)  expressed  as  peak  area/biomass  (mg). 


derived  from  hardwood  (family  L2)  (2,6-dimethoxy-phenol,  4- 
methoxy-3-(methoxymethyl)-phenol,  4-hydroxy-3,5-dimethoxy- 
benzaldehyde,  and  3/,5/-dimethoxyacetophenone).  The  pyrolysis 
temperature  seems  to  enhance  the  production  of  these  pheno¬ 
lic  compounds  in  the  range  of  temperature  between  350  and 
450  °C.  The  drastic  reduction  in  their  production  over  450  °C  may 
be  explained  by  the  increase  of  secondary  reactions  as  temperature 
increases  [13]. 

4.  Conclusions 

The  effect  of  pyrolysis  temperature  on  the  yield  of  products 
derived  from  the  pyrolysis  of  Avicel,  a-cellulose,  Douglas  Fir  and 
Hybrid  Poplar  was  investigated.  Py-GC/MS  analysis  proved  to  be 
a  powerful  tool  to  discriminate  the  formation  of  the  pyrolytic 
chemicals  as  a  function,  of  both,  biomass  type  and  pyrolysis  tem¬ 
perature.  PCA  shows  that  the  pyrolysis  products  can  be  divided 
by  groups  and  that  their  behavior  is  strongly  influenced  by  the 
nature  of  the  feedstock  studied.  It  was  found  that  C02 , 2-oxo  methyl 
ester-propanoic  acid,  3-methyl-l,2-cyclopentanedione,  levoglu- 
cosenone,  l,4:3,6-dianhydro-a-D-glucopyranose,  2,5-dimethyl-4- 
hydroxy-3(2H)-furanone,  and  most  of  the  phenolic  compounds 
show  a  response  to  temperature  changes  that  is  independent  of 
the  feedstock  processed.  The  rest  of  the  compounds,  however,  are 
highly  dependent  on  the  feedstock  used  and,  as  such,  their  behav¬ 
iors  are  more  difficult  to  predict.  This  dependency  on  the  feedstock 
suggests  that  strong  interactions  between  the  biomass  constituents 
occur  during  pyrolysis.  The  results  reported  in  this  paper  should  be 
analysed  carefully  taking  into  account  that  only  a  relatively  small 
fraction  of  the  pyrolysis  products  are  detectable  by  GC/MS.  For  lig- 
nocellulosic  materials  even  with  relatively  low  alkaline  content 
(more  than  0.1  wt.%)  the  fraction  detectable  by  GC/MS  is  typically 
between  1 6  and  23  wt.%  11.  Higher  GC/MS  detectable  fractions  (up 


to  60  wt.%)  can  be  obtained  when  using  acid  washed  cellulose  rich 
fractions  (like  Avicel)  due  to  high  yields  of  levoglucosan  (a  GC/MS 
detectable  compound)  that  can  be  obtained  with  these  feedstocks 
under  well  controlled  pyrolysis  conditions  [43  . 
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